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Biomolecular electrostatics is of key importance for biological function and recognition. The continuum 
electrostatic model based on the Poisson-Boltzmann (PB) equation has been widely used to study 
biomolecular electrostatics. The solution of the PB equation gives the electrostatic potential over the 
space enclosing the molecule(s) of interest, typically obtained at points of a suitable grid.
The Generalized Born (GB) model has been used to provide a useful approximation to the solution 
obtained by solving numerically the PB equation. The main advantage of the GB approach is to express 
the electrostatic energy of the system as the sum of pairwise interactions. The latter depend on geometric 
parameters (the GB radii) which depend on all atoms, and their radii, of the system. In this work we 
present a tutorial through examples for a more efficient and general version of the program Bluues which 
is able to compute:
1) the generalized Born radius of each atom;
2) the electrostatic potential at the surface of the molecule mapped to solvent accessible atoms;
3) the solvent accessible surface in a PDB formatted file;
4) the electrostatic potential in the volume surrounding the molecule;
5) the electrostatic free energy and different contributions to it;
6) the pH-dependent properties of proteins (total charge and pH-dependent free energy of folding) in the 
pH range −4 to 18;
7) the pKa shifts due to molecular structure of all ionizable groups.

Program summary
Program Title: bluues2
CPC Library link to program files: https://doi .org /10 .17632 /bx98gcrzbg .1
Developer’s repository link: https://github .com /federico -fogolari /bluues2
Code Ocean capsule: https://codeocean .com /capsule /9338710
Licensing provisions: GPLv3
Programming language: C
Nature of problem: Biomolecular electrostatics is of key importance for biological function and recognition. 
Computation of electrostatic effects and their dissection in atomic contributions is a general problem in 
molecular modeling.
Solution method: The GBR6 version of the Generalized Born (GB) model is implemented through surface 
integrals and all common molecular electrostatic analyses are performed by a single command line 
program.
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Additional comments including restrictions and unusual features: The program requires, as input, files in 
pqr format, which may be generated by independent software (e.g. babel, pdb2pqr). For the optional 
generation of the solvent excluded surface, the software msms must be installed and present in the path.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Electrostatics is of key importance for most biological processes, including protein folding, biomolecular recognition, catalysis and all 
pH-dependent properties involving biomolecules. Electrostatic effects and methods for calculating them have been reviewed many times, 
focusing on different aspects and the reader is referred to this literature (and the citations thereof) for details on all different aspects 
[1–27]. In this article we will not review all the methods that have been proposed and used for the calculation of electrostatic effects, but 
rather focus on the generalized Born approach and its application to common problems involving biomolecular systems.

The simulation of electrostatic effects for biological molecules, whose natural environment is mostly aqueous solution, must include 
solvent (water and salts) and it is quite difficult and time consuming to treat the large number of solvent degrees of freedom and to 
properly sample and average their configurations.

In order to avoid such accurate but slow methods, continuum methods have been developed, starting more than one century ago as 
reviewed earlier [4] to treat the solvent implicitly by its dielectric constant and ion concentrations and the solutes by their dielectric 
constants, dielectric boundary and embedded partial charges. The resulting system is treated by the theory of inhomogeneous dielectric 
media and mean field approximation, leading to the Poisson-Boltzmann equation (PBE). From the numerical solution of the PBE, potential, 
field and energy density can be calculated at any point in space.

Numerical methods for the solution of the PBE have been proposed and made available through several programs which are very 
efficient [28–31], but still unpractical for implicit solvent molecular dynamics and for large systems, due to their computational cost. For 
this reason, other approximate methods have been sought very early. Among these, the generalized Born (GB) approach appears to be one 
of the most accurate and popular for the treatment of electrostatics of biomolecular systems.

Besides the reduced computation time (depending on the accuracy sought) of the GB model compared to the solution of the PBE, 
the GB approach has the distinctive advantage of coding all geometrical information about the dielectric distribution in a parameter for 
each atom (the GB radius) and then computing solvation and interaction energies as pairwise or self terms, in a way much similar to the 
standard Coulomb expression [32]. These features allow us to explain electrostatic effects in terms of solvation and Coulomb-like pairwise 
interactions as they were taking place in a homogeneous medium endowed with an effective dielectric constant, resuming solute and 
solvent dielectric properties.

In 2012 we published a program called Bluues to perform most common electrostatic calculations for biomolecules [33] and 
implemented the same program, and later a more efficient version of it, as a server at the University of Padua (URL: https://
protein .bio .unipd .it /bluues/) [34]. Since then the server has received more than one thousand queries per year.

Since the original publication we made several changes to improve flexibility, the treatment of larger molecules and to perform calcu-
lations in a more general way. The theory and implementation of the calculations has been thoroughly discussed in reference [33]. Here, 
the theory of the GB model is only briefly reviewed in the next section together with its most popular applications. We focus on the 
changes made on the original program Bluues affecting the generation and the usage of boundary surfaces, the computation and reporting 
of GB radii and the generalization of pKa calculations.

Most of the paper is dedicated to the usage of the program Bluues2 for several selected types of electrostatic calculations. The sections 
below provide instructions on how the program is actually run. Bluues2 is available on the GitHub repository (https://github .com /federico -
fogolari /bluues2).

2. Materials and methods

2.1. The Generalized Born model

Excellent reviews on the Generalized Born (GB) model are available in the literature [6–9,13,18,22]. Here we summarize its main 
features. According to the Born model for spherical ions the hydration free energy of an ion of charge q and radius α is equal to the 
difference of the energy spent for charging the ion in water and in vacuo, i.e.:

�Gsolv = 1

4πε0
(

1

εout
− 1

εin
)

q2

2α
(1)

where ε0 is the dielectric permittivity of vacuum and εout and εin are the relative dielectric constants of water and vacuum (i.e. 1), 
respectively.

A first generalization of the Born model is to consider that for any shape and any pairs of dielectric constants (one for the solute, the 
other for the solvent) the electrostatic free energy of solvation may be written as the difference of charging in the two media. Such free 
energy is not easily computed for non spherically symmetrical particles, but it is always possible to write the solvation free energy in the 
form of Equation (1), tuning the radius α in order to reproduce the electrostatic solvation free energy. Such tuned radius α is called the 
generalized Born (GB) radius and is specific for each atom in the molecule. Formally the GB radii may be defined by resolving Equation 
(1) for α. This would require calculation of the solvation free energy for all atoms in the molecules, therefore faster ways to compute GB 
radii have been proposed and used.

The computation of GB radii is at the heart of the methodology and differentiates most GB models. The computed GB radii are used to 
define an effective dielectric constant to calculate interaction and self energies with a Coulomb-like expression. The idea is that whenever 
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Fig. 1. Atomic surfaces are shown in thin dashed lines. The van der Waals surface, partly covering the atomic surfaces is shown in black continuous line. The solvent excluded 
surface partly covering the van der Waals surface is shown as a red continuous line. The solvent accessible surface is shown as a dashed thick line. The spherical probe is 
shown as a thick black line. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

two charges are well separated with respect to their GB radii, the effective relative dielectric constant is that of the solvent, whereas when 
their distance is small compared to their GB radii the solute dielectric constant is more appropriate. The equation proposed by Still and 
collaborators [32] (Equation (2)) switches smoothly between the two extremes and is widely used. In particular the solvation free energy 
for the interaction of each charge and any pair of charges is written as:

�Gsolv,i j = − 1

8πε0
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εin
− 1

εout
)

qiq j√
r2

i j + αiα j exp
−r2

i j
4αiα j
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where ri j is the distance between atoms i and j and qi , q j , αi and α j , their charges and GB radii, respectively. The total electrostatic free 
energy is written as the sum of Coulomb energy plus the solvation free energy:

�G =
∑
i> j

1

4πε0εin

qiq j

ri j
+

∑
i, j

�Gsolv,i j (3)

Note that in the last equation the Coulomb energy for each pair (i �= j) is computed once whereas the solvation energy for the same 
pair is counted twice in the second term.

Charges and atomic radii are read by Bluues2 in the input file in pqr format (the description of the pqr format is available at https://
apbs .readthedocs .io /en /latest /formats /pqr.html).

2.2. Surface integral calculation of GB radii

The GB radius of a charge embedded in a sphere, not necessarily in its center, can be calculated exactly in the limit of infinite outer 
dielectric constant. In the latter case, polarization charges at the surface may be computed and their effect on the source charge is 
computed as a surface integral, providing the solvation potential [35–38]. The surface integral for this particular case is used by Bluues2 
to compute GB radii:

αi =
⎛
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4π

⎞
⎠
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3

(4)

where αi is the computed GB radius of atom i, �ri its position, �rS is the position of the surface element and �n(�rS ) the normal to the same 
surface element.

Due to the sixth power of the distance of each atom from the surface the model takes the name of GBR6.
It is important to distinguish three different surfaces which may be used for the computation of GB radii and for other purposes 

discussed later. These are

• the van der Waals (vdW) atomic surface, i.e. the surface of the atoms represented as spheres, each with its van der Waals radius, not 
included in other atoms.

• the surface of closest approach for the surface of a spherical probe, named the solvent excluded surface (SES) or molecular surface.
• the solvent accessible surface (SAS), i.e. the surface of closest approach for the center of a spherical probe.

The different surfaces are illustrated in Fig. 1. The surface used to define the dielectric boundary is the solvent excluded surface [39], 
and thus GB radii should be computed using this surface. In Bluues2 this is made possible by calling the external program MSMS [40]
which is available from the URL: https://ccsb .scripps .edu /msms /downloads/ and we are planning also the use of Nanoshaper [41], which 
is efficient and more robust. When the program is in the path environmental variable it is called upon request from Bluues2, as detailed 
later. Otherwise, the solvent accessible surface is computed and the GB radii are computed using the latter surface (simpler to obtain). 
In the latter case the GB radii corresponding to the solvent excluded surface are then computed by a linear function fitted to the data 
obtained for a database of 55 diverse proteins assembled by Tjong and Zhou [36,37]. The root mean square deviation between the solvent 
excluded surface GB radii and those linearly computed from the solvent accessible surface GB radii is 0.80 Å and the correlation is 0.96. 
3
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The solvent accessible surface is anyway computed by the program because it is used to compute the hydrophobic energy as the product 
of the solvent accessible surface area by a surface tension coefficient [39], which can be set by the user. It has been shown that this 
approximation reproduces the thermodynamics of small hydrophobic molecules, whereas for larger molecules, a more refined approach 
including the volume of the molecules should be taken into account [42]. After the discretized surface is generated, the integral of Equation 
(4) is performed numerically and the GB radius is calculated. If the solvent accessible surface was used, the solvent excluded surface GB 
radii (αi) are calculated using the following equation:

αi,S E S = (0.77322 + 0.06065 ∗ pr) ∗ αi,S A S + (0.5142 − 1.7585 ∗ pr) (5)

where pr is the probe radius and αi,S E S , αi,S A S are the GB radii computed using the solvent excluded and solvent accessible surface, 
respectively. The usage of αi,S E S ’s, independently on how they are computed, for energy estimations, is one of the major changes with 
respect to the previous version of the program. Now, both αi,S E S and αi,S A S are reported in the output file.

2.3. Computation of the potential at the solvent accessible surface

In Bluues2 the computation of the potential at points different than the atomic ones is performed using a spherical test charge with 
radius 0.7 Å, i.e. half of the probe radius for water. This value was found to reproduce well the value of the Poisson-Boltzmann potential 
at the solvent accessible surface. For visualization purposes the average of the potential at the solvent accessible surface of each atom is 
written in an output PDB-formatted file in the temperature field.

2.4. Computation of the potential at grid points around the molecule

In a similar manner as above the potential is computed at all nodes of a grid enclosing the solute in order to visualize the electrostatic 
fields around the solute. The potential of the points of the grid inside the solute is set to zero. The grid is written in dx format (the 
description is available at https://apbs .readthedocs .io /en /nathan -docs /formats /opendx .html) and can be read by graphics programs like 
VMD. We provide some example VMD scripts in the GitHub repository.

2.5. Computation of pKa shifts in protein and generic molecules

One of the limitations of Bluues was that the computation of pKa shifts was performed only for proteins. In Bluues2 such computation 
can be done for any residue by providing a file with the unperturbed pKa, a center of ionization and the “standard” ionization state in the 
provided input pqr file.

Bluues2 adopts the protocol defined by Antosiewicz et al. [43] where the ionization is simulated by adding a unitary charge to a single 
atom of the residue. The difference in electrostatic energy between before and after the charge addition depends on the GB radius of the 
ionizable atom, its interaction with the charges present in the fully unionized molecule and the interaction between ionization charges.

Exactly the same calculation is performed for the same residue excised from the rest of the system.
The difference in free energy between the two calculations (��G) is responsible for the shift in pKa according to the equation:

�pKa = ��G

log(10)RT z
(6)

where R is the gas constant, T is the temperature and z is 1 for basic residues and −1 for acidic residues. The default dielectric constant 
for pKa calculations is 20.0 and the surface used for computing the GB radii is the solvent accessible surface.

The energy of ionization of each residue depends on the ionization state of other residues in the system. Following Antosiewicz et al. 
[43], a Monte Carlo procedure is adopted to generate a thermodynamic ensemble of ionized residues. Based on this, at each pH ranging 
from -4 to 18, which should cover most common cases, the mean ionization of each titratable residue is recorded and finally the pKa 
is extracted by finding the midpoint of the titration curve. Final corrections are done on the raw data to avoid very large contributions 
which could be due to the usage of a rigid structure where unfavorable interactions cannot be relaxed, i.e. for each contribution �pKax
the following correction, affecting significantly only large contributions, is adopted: �pKax ← �pKax×6.0

|�pKax|+6.0 . The output file lists the pKa’s, 
the unperturbed pKa, the contributions to the shift in pKa resulting from:

• the change in self energy of the ionizable atom (�pKaself );
• the change in the background interaction energy of the ionizable atom with the rest of the system (�pKabg );
• the change in the ion-ion interaction energy of the ionization charge with other ionization charges (�pKaii ).

Finally the pKa is heuristically computed as an unperturbed pKa plus a linear combination of the three contributions. Unperturbed pKas 
(pKa0) and linear coefficients were found by fitting 716 values of the pKa database assembled by Gunner and coworkers [44] resulting in:

pKa = pKa0 + 0.96 × �pKaself + 0.34 × �pKabg + 0.47 × �pKaii (7)

To test the accuracy of the computation, we performed a 10-fold cross validation of the fitting procedure. The average root mean square 
prediction error on the validation run was 0.73 pH units almost identical to that using all the data. This result appears to outperform all 
other available methods, including Propka3 [45] and one of the best methods, the multiconformation continuum electrostatics (MCCE) for 
which a root mean square error of 0.83 pH units was reported for a set of 166 titratable residues [46].

The values of the pKas which could be fitted for amino acid side chains are the following: Cys 6.25, Asp 3.97, Glu 4.61, His 6.63, Tyr 
10.61, Lys 10.63. We maintained the values 7.5 and 3.2 for the N-terminal NH3 and the C-terminal CO2, respectively and set the Arg 
sidechain pKa to 13.8 according to the suggestion of Fitch [47]. We notice the relatively low value of Cys, which does not necessarily 
reflect the free amino acid sidechain pKa, but should rather be interpreted as a fitting parameter, possibly compensating other effects.
4
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Table 1
Options and default values for Bluues2. The first column reports the option which may 
be followed by a value (indicated by x or by a string). The second column reports the 
explanation of the option together with the default value.

Option Explanation and default value in parenthesis

General options
-p x use a probe radius for surfacing of x (1.5 Å)
-mr x minimum atomic radius of x (1.0 Å)
-s x use a salt radius of x (2.0 Å)
-pd x inner dielectric constant (4.0)
-sd x outer dielectric constant (78.54)
-kp x factor in the exponential for Still formula (4)
-i x ionic strength (M units) (0.15 M)
-t x temperature in K (298.15 )
-c x cutoff for GBR6 calculation (20.0 Å)
-g x surface tension coefficient (0.12 J/(Å2 mol) )

Surface generation options
-pa x area per point on SES (0.5 Å)
-m msms_basename basename for msms generated files

Surface and volume potential output options
-srf output surface points, potential, atom n. and normal vectors
-tcr x use a test charge radius of x (0.7 Å)
-srfpot output average atomic surface potential

Potential grid output options
-dx output potential grid in dx format
-nx x number of grid points in x (97)
-ny x number of grid points in y (97)
-nz x number of grid points in z (97)
-mesh x grid mesh size (1.0 Å)

pKa calculation options
-pka compute pkas
-pkd x inner dielectric constant for pka calculations (20.0)
-pss x number of MC steps per site in pka calculation (1000)
-pkadef filename file containing pKa definitions

3. Using Bluues2

3.1. General usage of Bluues2

The simplest way to use Bluues2 is to issue the command with two arguments: the input file in pqr format and a basename for all 
output files. In the example provided in this subsection we consider for instance the structure of a protein prepared using PDB2PQR [45]
in pqr format in the file protein.pqr.

The output of the program entails, depending on the requirement of the user:

1. the generalized Born radius of each atom;
2. the electrostatic potential at the surface of the molecule mapped to solvent accessible atoms;
3. the solvent accessible surface in a PDB formatted file;
4. the electrostatic potential in a volume surrounding the molecule;
5. the electrostatic free energy and different contributions to it;
6. the pH-dependent properties (total charge and pH-dependent free energy of folding) in the pH range -4 to 18;
7. the pKa of all ionizable groups.

The only necessary input file is a pqr file (or a PDB file with charges and radii in the two separated fields after coordinates), which 
can be generated in different ways: for proteins and nucleic acids the program PDB2PQR by Baker and collaborators [48] (https://www.
poissonboltzmann .org/); for small molecules openbabel [49] can convert mol2 or sdf files in pqr; for general molecules, softwares like 
Chimera [50] or VMD [51] can read structure and topology files and generate pqr files.

When options are not specified Bluues2 uses default values. Options are specified on the command line after the input filename and 
the output basename. The list of options and default values are reported with a brief summary explanation in Table 1.

A simple computation may be run by issuing the command (when bluues2 is in the commands path):

bluues2 protein.pqr protein_out

The program will read the file protein.pqr and it will output three files with the basename protein_out:

• protein_out.solv_nrg - reports the global electrostatic and hydrophobic free energy and the solvation free energy attributed to each 
atom, although this depends on the GB radii and the latter, in turn, depend on all other atoms. The free energy components are:
– the Coulomb energy computed assuming the inner dielectric constant filling all the space
– the Born energy of each atom
5
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Fig. 2. GB radii for the sample protein structure. The colors range from red (GB radius = 1.0 Å) to saturated blue (GB radius = 10.0 Å).

– the solvation screening energy of all Coulomb pair energies
– the hydrophobic solvation energy computed as a surface tension γ times the solvent accessible surface area.
The sum of the latter three terms gives the total solvation energy.

• protein_out.gbr - reports the GB radius for each atom
• protein_out.pqg - reports the GB radius for each atom in a PDB formatted file where the occupancy field is replaced by the charge of 

the atom and the temperature factor is replaced by the GB radius.

Unless the usage of MSMS is invoked, Bluues2 first generates the solvent accessible surface, then it computes generalized Born radii 
via a surface integral using the solvent accessible surface. The solvent excluded surface GB radius is calculated from the solvent accessible 
surface GB radius using a function fitted on a database of protein structures as described in the Materials and methods section.

The computed GB radii are visualized in color code in Fig. 2 using the VMD script provided in the GitHub repository.
In the calculation many values are taken by default, in particular:

– the probe radius used to generate the dielectric boundary surface is set by default to 1.5 Å corresponding to the water radius (as 
chosen as default by MSMS).

– the minimum atomic radius for generating the dielectric boundary surface (default 1.0 Å). This choice is due to the fact that in some 
forcefields hydrogen radii may be extremely small, leading to some problem in surface generation or GB radii calculations.

– the outer dielectric constant is set to 78.54 by default, i.e. the dielectric constant of water at 298.15 K.
– the inner dielectric constant of the solute is set to 4.0 by default
– the factor in the exponential for Still formula is set to 4 by default
– the temperature is set to 298.15 K by default
– the surface tension coefficient is set 0.12 J/(Å2 mol) by default
– the ionic strength is set to 0.15 M by default
– the radius of the salt is set to 2.0 Å by default
– the cutoff for GBR6 calculation is set to 20.0 Å by default

3.2. Surface generation

The user may decide to compute the solvent excluded surface using the software MSMS (see the Materials and methods section), using 
the flag -m followed by the basename for the output files that MSMS generates, i.e. for example:

bluues2 protein.pqr protein_out -m protein_out_msms

The area per surface point is set by the flag -pa followed by an area in Å2. For large systems the area per surface point could be 
increased. The default corresponds 0.5 Å2 per solvent excluded surface point, i.e. to 2 points per Å2. The following command sets the area 
per solvent excluded surface point equal to 0.25 Å2, corresponding to 4 points per Å2:

bluues2 protein.pqr protein_out -m protein_out_msms -pa 0.25

MSMS is invoked by Bluues2 through a system call. In all cases the solvent accessible surface will be calculated by Bluues2 and used 
for hydrophobic solvation energy calculation and for computing the electrostatic surface potential.

A PDB file containing the points of the surface can be outputted using the flag -srf:
6
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Fig. 3. Surface potential of Antennapedia homeodomain (PDB id. 9ant). The colors range from red (-8.00 kJ/(mol * q)) to blue (8.00 kJ/(mol * q)). The cognate DNA is shown 
in licorice representation for reference, but was not included in the potential calculation.

bluues2 protein.pqr protein_out -srf

or

bluues2 protein.pqr protein_out -m protein_out_msms -srf

which will produce the file protein_out.srf containing the solvent accessible surface or the solvent excluded surface if computed using 
MSMS.

3.3. Surface potential

The electrostatic potential at the solvent accessible surface of the protein is computed with the option -srfpot, independent of the 
usage of MSMS or the internal surface generator:

bluues2 protein.pqr protein_out -srfpot

The potential is computed using a test charge (see the Materials and methods section) whose radius may be specified with the option 
-tcr followed by the value of the radius. The default for this value is 0.7 Å, which produces similar results as with the reference Poisson-
Boltzmann equation [33]. The potential is outputted in the file protein_out.srfatpot which is a PDB file which contains the average surface 
potential in the temperature factor field. The surface potential is expressed as kJ/(mol * q), where q is the elementary unit charge.

We have chosen as an example the Antennapedia protein bound to DNA, which displays different potential on the face in contact with 
DNA and on the opposite face. From Fig. 3 it can be seen that the face of the protein contacting negative DNA has a marked positive 
potential.

3.4. Potential grid generation

The potential around a molecule is computed by the option -dx:

bluues2 protein.pqr protein_out -dx

The potential is computed using a test charge, similar to the previous subsection, and outputted in the grid format dx. The default 
values for the grid are 97 grid points in x, y and z, respectively and a mesh of 1 Å size. These values may be changed by the options -nx, 
-ny and -nz followed by an integer, respectively and by -mesh followed by a floating-point number expressing the mesh size in Å, e.g.:

bluues2 protein.pqr protein_out -dx -nx 120 -ny 120 -nz 120 -mesh 0.8

The map can be read and visualized in at least two ways, showing the potential as a heatmap on a slice surrounding the molecule, 
or through isopotential curves. Both visualizations are illustrated in Fig. 4, again for the antennapedia homeodomain protein. The VMD 
scripts to generate the figures are provided in the GitHub repository.

3.5. Computing pKa shifts for proteins

The calculation of pKa shifts and other related quantities is performed with the option -pka:
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Fig. 4. Electrostatic potential around the Antennapedia homeodomain (PDB id. 9ant). In the left panel a slice is taken in the page plane and the potential is color coded: the 
colors range from red (-2.00 kJ/(mol * q)) to blue (2.00 kJ/(mol * q)). The cognate DNA is shown in licorice representation for reference, but was not included in the potential 
calculation. In the left panel the isopotential surface at 4.00 kJ/(mol * q) is shown as a solid blue surface.

Fig. 5. The pH-dependent part of folding free energy vs. pH (left panel) and the total charge vs. pH for the antennapedia homeodomain.

bluues2 protein.pqr protein_out -pka

Bluues2 has values for the unfolded protein pKa values of aminoacid sidechains and for the N- and C-terminal. The calculation starts 
at pH = -4 and ends at pH = 18, in steps of 0.5 pH units. At each pH a Monte Carlo procedure generates ionization states for all titratable 
groups in the protein and in the isolated aminoacid excised from the protein. The titration data allow to find the mid-point which 
represents the calculated pKa of that aminoacid, which allows in turn for the calculation of the ion-ion contribution to the pKa. The final 
pKa, i.e. the predicted pKa, is obtained by a linear combination all contributions to the pKa shift plus the unperturbed pKa.

The output files are the following:

• protein_out.pka which reports for each titratable site:
– the computed pKa
– the unperturbed (reference) pKa in the isolated residue
– the contributions to the shift in pKa due to the difference in:

∗ Born solvation energy
∗ interaction with partial charges in the molecule
∗ interaction with other titratable sites net charges

– the generalized Born radius of the titratable atom.
• protein_out.ddg which reports for each pH value:

– the difference in electrostatic free energy of the molecule with respect to isolated titratable residues.
– the overall average charge of the molecule.

• protein_out.titration which reports for each titratable site the charge as a function of pH.

In Fig. 5 the pH-dependent folding free energy and total charge vs. pH for the antennapedia homeodomain is shown, from which a 
very large isoelectric point is desumed. Very large energy values are not accurate because relaxation is taken into account very roughly in 
this model.
8
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The program sets some of the values involved in the calculation to default values. In particular the inner dielectric constant of 20.0. 
This value can be changed by the option -pkd followed by the value of the dielectric constant. Another parameter set by default is the 
average number of Monte Carlo steps per site, which is set by default to 1000. This value can be changed with the option -pss followed 
by an integer number.

The default run is equivalent to specify all default values:

bluues2 protein.pqr protein_out -pka -pkd 20 -pss 1000

Since the optimal linear coefficients for pKa prediction have been derived using the default parameters, changing the latter is not 
recommended.

3.6. Computing pKa shifts for other molecules

Bluues2 has the capability of performing pKa analysis for any molecule for which the unperturbed pKa is provided by the user. Bluues2 
will excise the residues from the molecule, to consider isolated residues, and compute the pKa shifts of all titratable sites in the molecule 
with respect to the unperturbed pKa for the isolated residues. The pKa is provided by the user specifying in a line:

• the name of the residue
• the name of the atom representing the titratable group
• the unperturbed pKa, i.e. the pKa of the isolated residue
• a flag stating whether in the input pqr file the residue is ionized (1) or not (0)
• the charge of the residue when ionized

The program assumes that all residues with the same name have the same state of ionization in the pqr file.
An example file with the data for proteins and DNA is distributed with the program. The name of the file must be provided to the 

program using the option -pkadef followed by the name of the file. For example the pKa shifts of each phosphate of DNA resulting from 
the structure and ionization state of other phosphates is computed issuing the command

bluues2 dna.pqr dna_out -pka -pkadef pkadefs.txt

The computed shifts are positive and in the range of 0.6 to 1.5 pKa units. As can be checked from the output file the contribution of 
self solvation is small, being the phosphate exposed to solvent (the GB radius is small). Both background and site-site interactions shift 
the pKa to higher values.

3.7. Sample applications

In this subsection some more elaborate examples are provided in order to show the potential applications of the method besides the 
ones reported above.

3.7.1. Electrostatic effects of mutations
Understanding the effect of a mutation on the stability of a protein and its interactions is one of the goal of geneticists when facing 

a novel mutation in a sequence. Bluues2 can provide some insights on the electrostatic/hydrophobic effects of a mutation. We consider 
here as an example the mutant D76N of β2-microglobulin which causes a severe form of amyloidosis [52]. In order to compare the 
wild-type and mutant properties, and be sure that what we observe is due to mutation and not modeling, we manually deleted the 
sidechain of Asp 76 and used PDB2PQR to rebuild Asn 76. In this procedure all other parts of the molecule are held fixed, which is 
obviously a very harsh procedure, which is however not uncommon when dealing with and comparing single structures. We compare first 
the isopotential surfaces as shown above (Fig. 6) where the expected loss of a negative patch of potential can be seen. We take also the 
difference in solvation energy between the two structures as outputted by Bluues2 which amounts to 4.9 kJ/mol unfavorable to solvation. 
The computation of the electrostatic free energy of folding requires a model for the unfolded proteins. All rest being equal, we excised 
residue 76 from the wild-type and mutant protein and computed the total electrostatic free energy using Bluues2. The electrostatic free 
energies for the wild-type and mutant proteins, and isolated Asp 76 and Asn 76 residues were used to estimate the free energies of the 
branches of the following thermodynamic cycle (Fig. 7).

The change in stability upon mutation is computed as: �Gmut,folding − �Gwt,folding = �Gmutation,unfolded − �Gmutation,folded and is equal 
to 17.6 kJ/mol. We have performed the same calculation on the mutant K41S, a mutation similar under several aspects, but with less 
dramatic consequences. The computed change in electrostatic/hydrophobic folding free energy upon mutation is 8.5 kJ/mol, slightly less 
than for D76N. The effect on the isopotential curves appears much less pronounced than for the corresponding D76N mutant (Fig. 8).

3.7.2. Modeling the electrostatic effects of deep eutectic solvents on protein stability
Understanding the electrostatic effects of deep eutectic solvents on a protein stability is essential for developing better technologies 

based on these solvents. In this sample application, as a test set a native and 100 unfolded conformations of a protein (PDB ID: 4K6G) 
were considered. The atoms of all structures have been assigned charges and radii taken from the CHARMM forcefield, using the program 
PDB2PQR. The surface of the molecule was defined as the solvent excluded surface, using a solvent probe sphere with radius 1.5, 2.0, 2.5 
and 3.0 Å, respectively. The outer dielectric constant was set to 10, 25, 40, 55, 70, 85, 100 and 115, respectively. The solvent excluded 
surface, was computed using the program MSMS. The surface tension coefficient was set to 0 J/(Å2 mol) in order to single out only the 
electrostatic solvation free energy. The ionic strength was set to 0 M and the minimum atomic radius set to 1.0 Å by default.
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Fig. 6. Electrostatic isopotential surfaces for the wild-type (left) and mutant (D76N) protein are drawn as solid surfaces at 2.0 (blue) and -2.0 (red) kJ/(mol * q). The region 
around residue 76 is circled in yellow. Residue 76 is shown in licorice in both panels.

Fig. 7. Thermodynamic cycle for computing the electrostatic effects of mutation on protein stability.

Fig. 8. Electrostatic isopotential surfaces for the wild-type (left) and mutant (K41S) protein are drawn as solid surfaces at 2.0 (blue) and -2.0 (red) kJ/(mol * q). The region 
around residue 41 is circled in yellow. Residue 41 is shown in licorice in both panels.

The command to run the program (e.g. for probe radius 1.5 Å and solvent dielectric constant 10) is:

bluues2 protein.pqr protein_out -g 0 -m protein_msms -sd 10 -p 1.5 -i 0.0

Solvation energies of each atom for native and all unfolded structures were computed. The difference between the solvation free energy 
of the native structure and the average of the solvation free energy of the unfolded structures is reported in Table 2 and graphically 
represented in Fig. 9.

The changes in the electrostatic solvation free energy associated with changes in probe radius are very large. The approximation of 
the solvent with a sphere is reasonable for water, but much less appropriate for larger molecules. In many deep eutectic solvents polar 
moieties contain polar hydrogens, oxygens or nitrogens which define a solvent excluded surface which is not much dissimilar from that 
10
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Table 2
Electrostatic solvation free energy differences between native and unfolded structures.

Probe radius Solvent dielectric constant

10 25 40 55 70 85 100 115
1.5 -1159.2 -371.9 -175.0 -85.6 -34.5 -1.4 21.7 38.8
2 -1376.9 -676.7 -501.7 -422.1 -376.6 -347.2 -326.6 -311.4
2.5 -1422.4 -740.4 -569.9 -492.4 -448.1 -419.4 -399.4 -384.6
3 -1496.2 -843.8 -680.7 -606.5 -564.1 -536.7 -517.5 -503.4

Fig. 9. Map of the difference between the electrostatic solvation free energy of the native and unfolded protein conformations.

described by water. Thus, the probe radius parameter, which should be also related with the size of the solute, should be taken with 
some caution. With a probe radius of 1.5 Å, the electrostatic solvation free energy is favoring the folded form of the protein, for solvent 
dielectric constant up to 85.8 and it favors the unfolded form for higher dielectric constant. As far as deep eutectic solvents are concerned 
Boyko et al. (2020) determined experimentally the dielectric properties of sorbitol-based natural deep eutectic solvents (NADES). They 
reported for sorbitol:malic acid:water (1:1:3) and sorbitol:malic acid:water:glycerin (1:1:1:1), dielectric constants 33 ± 2 and 41 ± 2, 
respectively, at constant temperature of 25 ◦C [53]. Hirpara et al. [54] investigated physical properties of water based DES systems. ChCl-
Urea (Reline), ChCl-Ethylene glycol (Ethaline), ChCl-glycerin (Glyceline) and ChCl-malonic acid (Maline) apparent dielectric constant were 
reported as 120.14, 90.61, 96.20, 93.80, respectively, significantly higher than those of pure water, although it should be considered that 
all the systems studied are ionic.

The effect of dielectric constant on protein stability is somewhat less characterized, although it is well known that urea solutions (with 
higher dielectric constant than water) induce unfolding, whereas trifluoroethanol solutions (with lower dielectric constant than water) 
induce secondary structure formation in peptides, in line with the present calculation. Zhang et al. [55] investigated the stabilization 
effect of dielectric constant on Arginine (Arg-Arg) pairings. It is significant that for interactions involving opposite polarities, i.e. including 
in the cluster also Aspartic or Glutamic acid, as most common within folded proteins, the stability decreased with increasing dielectric 
constant.

Although stability depends on many effects, solvent dielectric constant value plays an essential role, and Bluues2 allows to single out 
electrostatic effects.

3.7.3. pKa shifts in general compounds
In order to demonstrate the application of the method to general compounds we consider selenocysteines [56]. Due to the presence of 

selenium, partial charges for this non standard residue are not easily obtained. For the sake of illustration we take partial charges from 
the similar residue cysteine, the radius of selenium was considered 0.1 Å larger than that of sulphur. We did not attempt to find better 
charges for selenocysteine.

The unperturbed pKa of the selenol group has been reported to be 5.2 [56] and the pKa of two selenocysteine residues has been mea-
sured for the small vasopressin peptide by Muttenthaler and collaborators [57]. We have generated 100 random structures of vasopressin 
in its reduced form, by taking each residue conformation from a representative database of conformations of amino acids not involved in 
secondary structures. For each structure the pqr was generated by suitable modifications of the input and output of PDB2PQR, and the 
pKa was calculated using Bluues2.

In order to let Bluues2 know the unperturbed pKa and the titratable atom we edited the file pkadefs.txt (which is provided with the 
code and contains information on amino acids and nucleic acids) and added the lines concerning selenocysteine whose three-character 
code is SEC. The titrating Selenium atom is named SE.

SEC SE 5.200000 0 -1.000000

Since selenocysteine is also the first residue with titratable N-terminal we had to name the ammine nitrogen of the first residue NT 
and we added also the line

SEC NT 7.500000 1 1.000000

to the file pkadefs.txt. These lines define the residue, the name of the atom which represents the titratable group, the unperturbed (model 
compound) pKa, the ionization state in the pqr file given as input to the program and the charge it acquires upon titration.
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Then the command to run the program is:

bluues2 vasopressin.pqr vasopressin.out -pka -pkadef pkadefs.txt

The computed pKas averaged over the 100 disordered conformations are larger than the experimental pKas, most likely due to the 
value of the unperturbed pKa which has not been tuned on experimental data (see for comparison the value used here for the pKa of 
cysteine which is much lower than the typical reported value for model compounds). It is worth noticing, however, that the difference 
between the two average pKa is close the difference of experimental pKa’s (0.83 vs. 1.0 pH units). The contributions to the large computed 
pKa shift of the selenol of residue 1 show that it is almost entirely due to interaction with the ionized N-terminal.

3.8. Computational time and memory usage

One of the improvements of Bluues2 with respect to the previous version of the program is the better implementation of dynamic 
memory allocation.

As said above this enables treatment of larger systems than before. In order to quantify the dependence (and the limits) of memory 
usage and computational times we consider three large systems, i.e. the complete Fo/F1 ATP synthase embedded in a 3-palmitoyl-2-oleoyl-
d-glycero-1-phosphatydilcholine bilayer entailing 137601 atoms, the same system with the bilayer removed, entailing 84805 atoms and 
the system made only by chains α, β , γ , δ and ε , entailing 53043 atoms. As could be expected, for these systems the computational time 
was inversely proportional to the area per surface point and roughly inversely proportional to the number of atoms of the system.

A computation of surface potentials and solvation energies running on a single core of an 11th Gen Intel(R) Core(TM) i7-11850H @ 
2.50 GHz CPU takes a time (t) in seconds that is well fitted by the linear function:

t = 0.001386 × Nat/pa (8)

where Nat is the number of atoms and pa is the area (in Å) per each molecular surface point.
For the largest system of 137601 atoms with the highest point density on the molecular surface (0.25 Å2 per point) the computation 

time was 771 s, whereas the predicted computation time according to equation (8) was 763 s.

The requirement of memory also depends on the size (mostly number of atoms of the system, rather than spatial extension) of the 
system and the density of surfacing points. The two quantities contribute linearly and the maximum resident memory in Mb during a run 
is well fitted by the following linear function:

t = 0.0864 × Nat + 644.02/pa (9)

For instance at the higher surface point density the run on the larger system used a maximum RAM of 13884 Mb.
The additional requirements of memory for the different options of the program, e.g. for pKa calculation are negligible. Apparently the 

only limitation in the systems on which Bluues2 can run is due to the choice of surfacing density based on the RAM available.
The above figures should be taken with due caution because number of surface points depend on the molecule considered.
Surface and surface potential outputting results in negligible time and memory additional requirements. The computation and out-

putting of the potential grid requires a limited additional time, depending on the size of the grid, and it is not much dependent on the 
system, amounting for the systems studied here to 20 to 30 seconds. No significant additional memory was required for this task.

pKa calculation requires a time which depends approximately linearly on the number of pKa sites, because neighbor lists are used to 
estimate ion-ion interactions. The dependence on surfacing point density is limited up to 0.25 Å2 per point. The additional computational 
time depends linearly on the number of steps (default 1000 per ionizable site) employed in the Monte Carlo procedure used to generate 
equilibrium ionization states. Overall on the tested system the computational time was approximately equal to 0.15 s per ionizable site.

For a comparison we have performed the basic computation of electrostatic energy using for the largest system with the software APBS 
[28] using a grid of 257 x 257 x 257 nodes with 1.0 Å spacing. APBS is parallelized, so for a proper comparison we consider the single core 
running time which is 1671 s. To compute solvation energy two calculations are needed by APBS. For the solvation energy computation 
on the same system Bluues2 takes 400 s.

pKa calculations are not so straigthforwardly implemented in APBS and require additional calculations to single out the potential 
generated by each site at other sites. It must be noted that however APBS is parallelized whereas Bluues2 is not, so that on a standard 
multicore machine the running time is typically much less than the single core time. APBS was found also to be memory efficient, 
requiring for the calculation a maximum memory of 4.2 GB, versus 9.42 required by Bluues2, but on the other hand treatment of large 
systems requires an initial grid with low resolution.

4. Conclusions

In this communication we have described the use of Bluues2, a program which computes many different electrostatic properties based 
on the GB model. Detailed instructions and practical examples should enable anyone to perform similar calculations as those shown here, 
which include calculations of electrostatic free energies, potentials at atomic positions, at the surface and around the molecule, pKa shifts 
and pH-dependent free energies.

Compared to other software available for electrostatic calculation, Bluues2 is easy to use even for complex tasks like pKa shift calcu-
lations and can treat very large systems with the standard memories available nowadays on PCs. The time requirements per single core 
are also less than for PB solvers. Another advantage is that in GB models electrostatic energy is split into pairwise and self interactions 
and the multibody aspects of the interactions are hidden in a single parameter for each atom, its GB radius. Such Coulomb-like, pairwise 
treatment of interactions allows a better explainability of electrostatic effects, which cannot be disentangled in mean-field approaches, 
where energies are obtained by the coupling of each charge with the electrostatic field. One of the specific disadvantages of the GB model 
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is that it provides an approximation to the PB model, which performs extremely well for globular proteins, but it is not granted to work 
as well for any molecular shape. A second disadvantage is that electrostatic forces are not easily computed in the surface-based GB model 
Bluues2 employs, whereas forces are provided straightforwardly by PB solvers. The molecular or the solvent accessible surface is at the 
basis of all calculations in Bluues2 and the in-built generation of solvent accessible surface is not very efficient. On the other hand the 
external software MSMS shows occasional failures. We are planning to interface Bluues2 with NanoShaper [41], a robust and efficient soft-
ware to generate molecular surfaces and to implement Bluues2 as a server similar to the previous version of the program (URL: https://
protein .bio .unipd .it /bluues/) [34] in the next future.
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